INTRODUCTION
R ecent advances in materials science and tissue engineering have created opportunities for the development of methods to bioengineer tissue and organ replacements, including highly mineralized craniofacial and dental tissues. Current methods to repair and/or replace dental tissues principally use synthetic materials, whose physical and mechanical properties are quite distinct from those of naturally formed teeth. The need for alternative therapies is evident in recent reports by the United States Department of Health and Human Services (USDHHS, 2000) and the NIDCR Strategic Plan 2003 -2008 (NIDCR, 2003 , which reveal startling statistics about the high incidence of tooth loss and edentulism.
The recent identification of post-natal dental stem cell (DSC) populations suitable for dental tissue engineering applications suggests that bioengineering approaches can be used to regenerate a variety of dental tissues and whole teeth (Kaigler and Mooney, 2001; Young et al., 2002 Young et al., , 2005a Duailibi et al., 2004 Duailibi et al., , 2006 Modino and Sharpe, 2005; Yelick and Vacanti, 2006; Cai et al., 2007; Yelick, 2007, 2008) . Adult and juvenile human dental pulp can form dentin, cementum, bone, nerve, vascular endothelium (Gronthos et al., 2000 (Gronthos et al., , 2006 Shi et al., 2001; Braut et al., 2003; Miura et al., 2003; Shi and Gronthos, 2003; Hu et al., 2006; Huang et al., 2006) , and reparative dentin (Nakashima et al., 2004) . Human DSCs have been used for periodontal ligament (PDL) repair (Seo et al., 2004; Gronthos et al., 2006) , gene delivery techniques have been used in PDL, dentin, and alveolar bone regeneration (Nakashima and Reddy, 2003; Jin et al., 2004; Trubiani et al., 2006) , and embryonic stem cells have been shown to express tooth initiation genes (Ohazama et al., 2004; Yen and Sharpe 2006) .
Approaches to mesenchymal DSC enrichment include in vitro differentiation models (Kikuchi et al., 1994; Cortes et al., 2006) and analyses of DSC progenitors in transgenic mice (Braut et al., 2003; Mina and Braut, 2004) . Characterization of epithelial DSCs has been more difficult, largely due to the fact that epithelial DSCs are no longer present in erupted teeth, and has focused on rodent models exhibiting continuously growing incisor and/or molar tooth eruption (Kikuchi et al., 1994; Tummers and Thesleff, 2003; Harada and Ohshima, 2004; Kawano et al., 2004) .
The recent demonstration of bioengineered whole tooth crowns from pig and rat tooth bud cells provided the first evidence that post-natal DSCs could be used for whole-tooth tissue engineering applications (Young et al., 2002 (Young et al., , 2005a Duailibi et al., 2004 Duailibi et al., , 2006 . Here we tested whether dental-cell-seeded scaffolds grown in the jaw could form organized tooth crowns, similar to identical constructs grown in the omentum.
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Fabrication of Polymer Scaffolds
Polyglycolate/poly-L-lactate (PGA/PLLA) and poly-L-lactate-coglycolate (PLGA) tooth scaffolds of uniform size (1 x 5 x 5 mm 3 ) were prepared as previously described (Young et al., 2002; Duailibi et al., 2004) . Briefly, PGA fiber mesh (Albany International Research Co., Mansfield, MA, USA) containing 3% PLLA (Sigma-Aldrich, St. Louis, MO, USA) was packed into a negative tooth mold in chloroform, lyophilized, and sanitized. PLGA scaffolds were generated with 85:15 w/w molar ratio PLGA solutions in chloroform and packed with sodium chloride crystals, which were then lyophilized, soaked in distilled water, and sanitized.
Tooth Bud Cell Cultures, Scaffold Fabrication, and Scaffold Seeding
Rat tooth bud cells were prepared from harvested four-day postnatal (dpn) rat tooth buds, and seeded onto polymer scaffolds as previously described (Duailibi et al., 2004) . Briefly, tooth buds were harvested, minced into small pieces, digested with collagenase and dispase, filtered to generate single-cell suspensions, and cultured in vitro. Three different enzyme concentrations were tested for optimized dental cell yield and viability: 0.2 mg/mL collagenase/0.1 mg/mL dispase; 0.4 mg/mL collagenase/0.2 mg/mL dispase; and 0.8 mg/mL/0.4 mg/mL dispase. At confluence, cells were trypsinized, washed, and statically seeded onto scaffolds.
Mandibular Implant Model
In parallel to our published rat omental dental implant studies (Duailibi et al., 2004) , an identical set of experimental and control scaffolds was generated and implanted into adult rat M1 mandibular tooth extraction sockets. Experimental implants were placed on the right side, positive and/or negative control implants were placed on the left side, and all were grown for 12 wks. Adult Lewis rat hosts were pre-anesthetized with Isoflorane, anesthetized with 87 mg/Kg Ketamine and 13 mg/Kg Xylazine, the oral cavity was disinfected with chlorhexidine (0.12%), and M1 molars including roots were carefully extracted. Continuous saline irrigation was used to ensure maintenance of a continuous blood supply to the extraction site. We created a gingival flap by making a 3-mm incision just proximal to the third molar and extending to the mesial point of the first molar tooth extraction socket. Implants were placed into the empty alveolar cavity, and the gingival mucosa was sutured with simple points and Chromo gut 5-0. Rat hosts were fed powdered food for at least 1 wk post-surgery, until the wound had healed. Full healing was determined by clinical examination under isofluorane anesthesia, with an air jet to confirm complete healing of the mucosal border. Implants were grown in the jaw for 12 wks.
Experimental and Control Mandibular Implant Groups
Control groups consisted of: 7 intact, positive control 4 dpn molar tooth buds; 5 negative control unseeded PGA/PLLA scaffolds; and 5 negative control unseeded PLGA scaffolds. Experimental groups consisted of 8 cell-seeded PGA/PLLA and 8 cell-seeded PLGA scaffold implants.
Radiographic Analysis
Right-side experimental and left-side control hemi-mandibles were removed and examined radiographically by means of a Hewlett-Packard Faxitron (Model 43855 TO-2, Hewlett-Packard, Palo Alto, CA, USA) at 40 Kv and 3 mA for 30 min at a focal distance of 40 cm, and Kodak high-speed SO-253 holographic film (Kodak, Rochester, NY, USA), as previously described (Duailibi et al., 2004) . Radiographic films were digitally imaged with a Zeiss Axiocam digital camera (Carl Zeiss, Oberkochen, Germany) and imported into Adobe Photoshop.
Histological Analysis
Control and experimental hemi-mandibles were fixed in 5% formalin for 24 hrs, washed extensively with distilled water, decalcified in equal parts 45% formic acid and 20% sodium citrate for 30 days, and embedded in paraffin. Specimens were sectioned at 6-m intervals, stained with hematoxylin and eosin (H&E) or Goldner's Trichrome Stain, and examined under a Leica DMRE compound microscope (Leica, Heidelberg, Germany) and a Zeiss digital Axiocam camera.
Immunohistochemical Analysis
Immunohistochemical analyses were performed as previously described (Duailibi et al., 2004) , with the following antibodies: polyclonal rabbit anti-pig amelogenin (AM, 1:8000), kindly provided by Dr. Jim Simmer; polyclonal mouse anti-pig dentin sialophosphoprotein (DSPP, 1:4000), kindly provided by Dr. Larry Fisher; mouse anti-human periostin (PER, 1:200), kindly provided by Dr. Lan Bo Chen; and mouse anti-porcine vimentum (VM, 1:1600, #sc-6260, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Each of these antibodies has demonstrated cross-reactivity with rat dental proteins. Natural rat tooth tissues were used as positive control tissues. Negative controls lacked primary antibody, since we used only secondary antibodies.
RESULTS

Optimization of 4-dpn Rat Tooth Bud Cell Preparation
Immature tooth buds were harvested from 4day post-natal rats and used to generate primary cell cultures. Three different type I collagenase and dispase I enzyme concentrations were * Both PGA and PLGA scaffolds supported the formation of bioengineered dental tissues in the jaw, and at similar frequencies. (+) indicates mineralized tissue formation, and (-) indicates lack of mineralized tissue formation. These results demonstrate that cell-seeded, and not unseeded, scaffolds resulted in mineralized dental tissue formation.
tested for optimized cell yield and viability after 10 days in culture (Table) . Five independent experiments were performed, for a total of 15 experimental samples. Total cell counts were determined daily from days 0 to 10, and percent confluence was recorded. Immediately after digestion, cell numbers obtained with 0.2 mg/mL collagenase/0.1 mg/mL dispase were less than those obtained with the higher concentrations, indicating incomplete digestion (Figs. 1A, 1C ). Although similar cell numbers were obtained with the 0.4 mg/mL collagenase/0.2 mg/mL dispase, and the 0.8 mg/mL/0.4 mg/mL dispase enzyme concentrations, after 10 days in culture, greater viable cell yields were obtained with the 0.4 mg/mL collagenase/0.2 mg/mL dispase enzyme concentration (Figs. 1A, 1B, 1D, 1E), suggesting that the higher enzyme concentration was too harsh. The highest cell yields at day 10 were obtained with 0.4/0.2 mg/mL collagenase/dispase I (Table,  Figs . 1A, 1E ). Cell proliferation analyses revealed that cells prepared with this enzyme concentration consistently grew better, and achieved greater confluence after 10 days in culture (Figs. 1B, 1E ). Statistical analysis by the Wilcoxon test revealed significant differences among the 3 enzyme concentrations (Table, Appendix Table) .
Harvesting and Radiographic Analysis of Jaw Implants
Morphological and gross inspection of all harvested control and experimental mandibles revealed a smooth oral gingival surface at the implant site. Radiographic analyses revealed the absence of radiopaque mineralized tissue formation in all of the empty scaffold negative control implants ( Fig. 2A) , and, in contrast, the formation of radiopaque, mineralized tissues in all PGA/PLLA and PLGA cell-seeded implant sites, indicating that similar amounts of mineralized tissue were generated with either type of scaffold (Fig. 2B, arrows) . Radio-translucent areas were evident around the bioengineered mineralized tissues, indicative of possible inflammatory response to scaffold degradation, and/or lack of integration of bioengineered tooth structures with surrounding alveolar bone. The apparent uneven nature of the bioengineered mineralized tissues, as revealed in the radiographs, is consistent with the observed formation of small tooth structures throughout the scaffold implant, as opposed to a single large tooth. All positive control 4-dpn tooth bud implants formed mineralized tooth tissues (Figs. 2C, 2D ).
Histological and Immunohistochemical Analysis of Bioengineered Rat Tooth Tissues
Histological analysis of positive control implanted 4-dpn tooth buds revealed organized, mineralized tooth structures containing predentin (pd), dentin (d), enamel (e), odontoblast (od), and ameloblast (am) layers (Figs. 2C, 2E ). Histological analysis of experimental implants (Figs. 2G, 2I ) revealed distinct dentin (d, black arrows) and demineralized enamel (e, white arrows) tissues. Negative control unseeded implants did not form mineralized dental tissues (data not shown).
Goldner's trichrome, which stains newly formed enamel red/brown, mature enamel (me) gray, and dentin (d) blue (Figs. 2D, 2F), reveals distinct dentin (d), mature enamel (me), immature enamel (ime), and surrounding alveolar bone (b) in dental implants (Figs. 2H, 2J) . These results demonstrated that, although bioengineered mandibular implant dental tissues were not as organized as those grown in the omentum, distinct dentin, enamel, and alveolar bone tissues were present.
Immunohistochemical Analyses of Dentin-and Enamel-expressed Proteins
The expression of amelogenin (AM), dentin sialophosphoprotein (DSPP), periostin (PER), and vimentum (VM) was analyzed for further characterization of bioengineered dental tissues. AM was detected in an epithelial cell layer resembling inner and outer dental epithelium (Figs. 3A, 3B ). DSPP was detected in differentiated odontoblasts, and in mineralized bioengineered dentin tissue (Figs. 3D, 3E, arrows) . PER was detected in bioengineered periodontal ligament-like tissue at the outer portion of the implant, adjacent to mineralized bone (Figs. 3G, 3H, arrows) . Vimentum (VM) was detected in pulp-like tissues at the center of the implant, and in surrounding PDL-like tissues (Figs. 3J, 3K, arrows) . All antibodies exhibited positive staining in control tooth tissues (Figs. 3C, 3F, 3I, 3L, arrows) . These results indicated that bioengineered dental tissues expressed enamel, dentin, and periodontal ligament proteins in an appropriate manner.
DISCUSSION
The objective of this study was to characterize bioengineered dental tissues grown in the jaw for comparison with identical implants grown in the omentum, as a clinically relevant dental implant model useful for human tooth replacement therapies. Analysis of cell number at day 0, and after 10 days in culture, revealed that enzyme concentrations of 0.4 mg/mL collagenase and 0.2 mg/mL dispase resulted in the highest cell yields. (B) Growth curves for digested tooth bud cell preparations confirmed that tooth buds digested with 0.4 mg/mL type I collagenase and 0.2 mg/mL dispase I exhibited the highest cell number after 10 days in culture. (C) Digital images of cultured tooth bud cells, prepared with the 0.4 mg/mL collagenase and 0.2 mg/mL dispase enzyme concentrations, after 2, 4, and 10 days in culture. Five independently isolated cell preparations were examined for each type of analysis (Table) . Wilcoxon's test revealed highly significant values of P = 0.0003. Scale bar is 2 mm.
The implant site was the fresh extraction socket of adult rat, mandibular M1 teeth. Enzymatic digestion conditions for 4-dpn rat molar tooth bud dissociation were defined, guided by prior published reports (Kikuchi et al., 1994; Cortes et al., 2006) . Identical experimental and control scaffolds were implanted either in the jaw or in the omentum of adult rat hosts and allowed to grow for 12 wks.
As previously reported, bioengineered rat omental dental implants generated numerous small tooth crowns (Duailibi et al., 2004) , similar to bioengineered pig omental implant crowns (Young et al., 2002) . The M1 molar extraction site also supported the formation of bioengineered dental tissues. Consistent with our results, a similar study performed in dogs demonstrated that a canine first molar tooth bud transplanted into a fresh tooth extraction socket formed dentin and bone at 24 wks, although no enamel or tooth roots formed (Honda et al., 2006) .
Comparison of bioengineered dental tissues grown in the mandible vs. the omentum revealed both similarities and differences. Both implant sites supported the formation of bioengineered dentin, enamel, pulp, and periodontal tissues. In general, omental implant dental tissues appeared more organized than those grown in the mandible. These results suggest that further modification of the mandibular implant model is required to optimize tooth formation. It is possible that a healed extraction socket could reduce inflammatory responses, which may have deleteriously affected dental implant growth. It is also likely that alternative scaffold materials and designs would improve bioengineered dental tissue formation in the jaw, based on extensive evidence for the influence of scaffold pore size, interconnectivity, and degradation rate on cell viability, proliferation, and differentiation . Alternative scaffold materials and design will also facilitate the formation of one large bioengineered tooth of predetermined size and shape, as opposed to the many small teeth currently observed in our dental implants.
In summary, our results showed that cultured 4-day postnatal rat tooth bud cells seeded onto PGA/PLLA and PLGA scaffolds and implanted and grown in the mandible can form organized bioengineered dental tissues containing dentin, enamel, pulp, and PDL. Bioengineered mandibular implant tooth tissues expressed characteristic enamel and dentin proteins, and exhibited morphological and histological appearances typical of naturally formed dentin and enamel. Based on these studies, and on our previously published results, we anticipate that similar use of human DSCs harvested from immature teeth, such as wisdom teeth, will eventually be used in clinically relevant replacement tooth therapies in humans. Although methods for the reliable generation of bioengineered teeth of predetermined size and shape remain to be defined, the results presented here confirm and extend our earlier studies demonstrating the formation of bioengineered tooth tissues in the omentum (Young et al., 2002 (Young et al., , 2005a Duailibi et al., 2004 Duailibi et al., , 2006 , and extend these studies to regenerating teeth in the functionally appropriate location of the jaw.
Advances indicated by this study include introducing the mandibular implant model for bioengineered dental tissue formation, demonstrating the therapeutic potential of this approach for human tooth regeneration. Limitations include the fact that bioengineered tooth tissues generated in a fresh tooth (D,F) Goldner's stained 4-dpn tooth bud implants revealed characteristic blue-stained dentin, and brown-stained immature enamel. (G,I) H&E-stained bioengineered dental tissues present in jaw implants. (H,J) Goldner's stained sections revealed blue-stained dentin, brown-stained immature enamel, and gray-stained mature enamel tissues. Unseeded, negative control scaffolds did not form dental tissues (data not shown). All 16 of the experimental cell-seeded implants and all of the 14 implanted tooth bud controls produced radiopaque dental tissues. None of the negative control unseeded scaffolds produced radiopaque mineralized tissue. Abbreviations: am, ameloblasts; b, bone; d, dentin; e, enamel; ime, immature enamel; me, mature enamel; od, odontoblasts; p, pulp; pd, predentin. Scale bars are 100 m.
at SAGE Publications on December 7, 2016 For personal use only. No other uses without permission. jdr.sagepub.com Downloaded from International and American Associations for Dental Research extraction site in the mandible appear somewhat less organized than those grown in the omentum. We anticipate that further modification of this procedure will eventually result in reliable methods to bioengineer dental tissues in the jaw. 
